Diverse and independent measurements of the variation of particle convection boundaries with geomagnetic activity are used to obtain relations between the magnitude of a large scale electric field and the Kp index. The relations are compared with measured fields and with models and are found to be consistent with diverse observations and probably more reliable than results previously obtained.
INTRODUCTION
The importance of large scale electric fields in the dynamics of the magnetosphere has been emphasized both in broad reviews fAxford, 1969; Vasyliunas, 1970a; Chappell, 1974; Stern, 1975] and in more specialized studies [Kavanagh et al., 1968 : Chen, 1970 Mozer, 1971; Rycroft, 1971; Volland, 1973; Mozer and Lucht, 1974] . These studies conclude that satisfactory qualitative interpretations of varied aspects of magnetospheric dynamics such as particle injection and acceleration, low-energy plasma convection, and the motion of whistler ducts emerge from analysis of the response to simple analytic representations of large scale electric fields. It is apparent, however, that more detailed understanding of the effects of electric fields on particle behavior requires field models of greater complexity, models which provide for localized spatial effects [for example, Wolf, 1970; Mcllwain, 1974] , and models which, though still static, vary in an empirically established way with the level of geomagnetic activity [Vasyliunas, 1968; Rycroft, 1971; Chen and Grebowsky, 1974; Maynard and Chen, 1975] . The present paper addresses the latter problem, obtaining a relation between the magnitude of a uniform cross-magnetosphere electric field and the Kp index which is compatible with diverse and independent measurements of particle boundaries in different local time regions of the magnetosphere and therefore probably more reliable than results previously obtained.
In this paper the comparisons with both theory and observation stress local times other than dusk. This emphasis is based on the argument that the quasi-steady state convection model alone is not likely to describe phenomena near the stagnation point where the convection electric field is counteracted by the corotarion electric field. The large scale ele•:tric fields in this region may be small with respect to localized and time-varying electric fields. The action of localized and time-varying fields may prevent the plasma from reaching equilibrium in the combined convection and corotation fields in the 'bulge' region near dusk. Correlations between various interplanetary and magnetospheric parameters and the Kp index have been noted in the past, and though the correlations are crude, they help illuminate the underlying physical processes. For example, Snyder et al. [1963] and Vasyliunas [1968] have related Kp to the solar wind velocity, Wilcox et al. [1967] and Schatten and Wilcox [1967] have related it to the magnitude of the interplanetary magnetic field, numerous workers have expressed the distance to the plasmapause in terms of this parameter [Carpenter, 1967; Binsack, 1967; Taylor et al., 1968; Bezrukikh, 1970;  ..... •pyright ¸ 1976 by the American Geophysical Union. Chappell et al., 1970a; Rycroft and Thomas, 1970] , and, more recently, Mauk and Mcllwain [1974] and Freeman [1974] have expressed the local time at which substorm-injected lowenergy particles are observed by a geostationary satellite in terms of Kp. Analogous correlations for low-altitude phenomena include the dependence of the auroral zone boundaries on Kp and closely related indices [Feldstein and Starkov, 1967; Feldstein, 1972 Feldstein, , 1974 and the dependence of ionospheric electric field magnitudes on Kp [Mozer and Lucht, 1974] . By inference from relations discussed above, Vasyliunas [1968] and Mendillo and Papagiannis [1971] have inferred relations between the solar wind velocity and the magnetospheric electric field, and Freeman [1974] has inferred the distance to the inner edge of the plasma sheet at midnight as a function of Kp. In the next section, the Kp dependences of convection boundaries in the equatorial plane are used to obtain empirical relations between Kp and the magnitude of a uniform dawn-dusk electric field, E. The results obtained are compared with independent measurements of the total potential drop across the polar cap [Heppner, 1972] and with low-altitude properties. Results based on a uniform cross-magnetosphere field are compared with those based on more sophisticated models [Volland, 1973; Mcllwain, 1974; Stern, 1975; Maynard and Chen, 1975] , and differences are not large for small Kp. Observations of the plasmapause during a geomagnetic storm [Hoffman et al., 1975] show that the relation obtained is consistent with observations even at very large Kp. In the final section, a relation between solar wind velocity and Kp is given, and properties of the inner edge of the plasma sheet at midnight are evaluated.
E VERSUS Kp, •ROM EQUATORIAL CONVECTION BOUNDARIES
In the presence of a dawn-dusk electric field the drift orbits of low-energy charged particles which complt/tely encircle the earth lie inside a boundary called the Alfv0n layer [Schield et al., 1969] Brice [1967] recognized that this outermost closed drift orbit (or, equivalently, the last closed equipotential) would, in a static situation, correspond to the plasmapause. Experimentally, the plasmapause must be defined as the outermost sustained closed equipotential contour [Carpenter and Park, 1973; Chen and Grebowsky, 1974] . The requirement that a field configuration be sustained arises for somewhat different reasons when the field increases than when it decreases. In the case of a field increase, filled flux tubes on newly open orbits continue to drift around the earth until they reach the late 189 afternoon quadrant, where they drift out toward the magnetopause. As it takes • 1 day for plasma initially in the evening sector to move away from the Alfv6n layer, the new equilibrium plasmapause position is achieved only after •1 day. For this reason, in some parts of this paper the average Kp for the previous 24 hours is used to characterize the magnetic conditions. On the other hand, freshly injected particles on orbits open to the tail appear at the new Alfv•n boundary in the evening-midnight quadrant within hours of the increase in the convection field; hence, in the interpretations based on night side injection boundaries, the Kp index for the time of observation is used. In the case of a decreasing field, flux tubes on newly closed orbits refill completely only after 5-8 days [Park, 1970] . For this reason the Alfv6n boundary based on the 24-hour Kp may not correspond to the plasmapause during intervals of decreasing activity.
Inward displacement of the plasmapause with increasing magnetic activity [Carpenter, 1967; Rycroft and Thomas, 1970] is consistent with the existence of a Kp-related dawn-dusk electric field across the magnetosphere, as noted by Rycroft [1974] 
The azimuthal variation (or local time dependence) of the distance to the boundary given by (2) has been shown by Rycroft [1971] to agree well with observations from 2100 LT through dawn to noon. Equation ( The electric fields of (11) and (13), deduced from observations of the equatorial convection boundary identified at each local time as the minimum distance to which newly injected lowenergy particles penetrate during a substorm, should in a steady state convection model correspond to the field (4) inferred from the location of the equatorial'plasmapause identified as the radial distance at which the gradient of cold plasma density increases rapidly with radial distance. Despite the problems discussed in the introduction of identifying the plasmapause in a time-varying situation and despite the fact that the two boundaries are measured in different local time sectors, the three equations are in good agreement over a large range of Kp. For large values of Kp, one might expect the relation found from the plasmapause position to be more dependable than (11) and (13) because the convection boundary, which limits. the inward injection observed by a geostationary satellite, lies increasingly close to the 'bulge' region of the plasmapause (see Figure 3) for increasingly large E, and the 'bulge' region is known to be highly variable in structure [Chappell et al., 1970b; Rycroft, 1975] . For E >• 1.5 kV/Rs, small departures from the assumed symmetry would produce large changes in the local time at which injection was first observed. Inspection of Figure 2a suggests that the linear relation between LT and Kp may not be significant for LT < 1800 or for Kp > 4. Figure 2b , on the other hand, shows that the only two measurements at L T < 1800 (Kp = 6 + and 8-)
are consistent with the fit obtained from measurements at later local times. We shall return to this point in the next section where it is suggested that, despite the arguments presented here, the data for large Kp are somewhat better approximated by (11) than by (4). The electric fields obtained from (4), (6), and (11) agree within a factor of 2 over the entire range 0 < Kp < 5. For Kp < 4.5, the electric fields of (6) and (11) The position of the auroral oval is known to shift equatorward with increase of geomagnetic activity [Feldstein, 1974] 
If this boundary is also the inner edge of the plasma sheet, the strength of the electric field can be determined from the convection model. In this model, near the midnight meridian, electron convection boundaries lie at greater radial distances for more energetic particles [SchieM, 1969] . The inner edge of the plasma sheet should thus correspond to the convection boundary evaluated for the low-energy end of the range of electron energies found in the plasma sheet (100 eV to 10 keV) [Vasyliunas, 1970b] 
STORM TIME COMPARISONS
Observations of plasmapause erosion near local noon during the geomagnetic storm period, August 4-6, 1972, have been described by Hoffman et al. [1975] . These observations provide a useful test of the empirical expression of this paper, both because they apply to the predictions at very large Kp, and because they were made at local times excluded in the measurements used to establish the relation. Table 2 gives the observed parameters of the plasmapause, the convection field strength required to place the plasmapause at the observed location (equation (2)), the mean 3-hour Kp in the previous 24 hours, and the field strength calculated for this average Kp from (4) and (11). The empirical relations and the values inferred from observations are plotted in Figure 5 . On one orbit the plasmapause lay inside perigee, so only a lower limit for the field is indicated in the table and on the figure. Once again, the agreement with both (4) and (11) is good, even at very disturbed times. Equation (6), obtained from the results of Rycroft and Thomas [1970] , is also plotted in Figure 5 and flow region for most of a day, should be best characterized by some long-time average of the geomagnetic conditions, and hence we have used the stated 24-hour average Kp.
RELATION OF OTHER MODELS OF THE ELECTRIC FIELD
Analytic models of the convection electric field somewhat more complex than the uniform dawn-dusk field have been developed in recent years [Volland, 1973; Stern, 1975] , and if the Kp-dependent particle boundaries were interpreted in terms of these models, the empirical relations between Kp and field strength would be somewhat different. As a more complex model field varies in space, its magnitude must be characterized by some average value such as the total potential drop across the 30-RE width of the magnetosphere in the dawn-dusk meridian.
A simplified version of Volland's [1973] field, attributed to Stern, is used by Maynard and Chen [1975] . This VollandStern-Maynard-Chen (VSMC) field is symmetric about the dawn-dusk meridian, and its amplitude increases with Kp; the Alfvfin layer for Kp --3.7 is illustrated in Figure 6 . Also shown is the Alfvfin boundary for the uniform field corresponding to Kp -3.7 in (11) and a portion of the orbit of a geostationary satellite. This diagram indicates that the field strengths obtained from the local time versus Kp fits of (8) and (9) Finally, a comparison with the pioneer relation between E and Kp [Vasyliunas, 1968] [Chappell et al., 1970a] , the position of the boundary depends sensitively on the criterion used to define it (e.g., density greater than 10 cm -s or 100 cm-S), and this dependence on an arbitrary criterion can present problems for analysis of quiet time properties.
Although a relation between the convection field and Kp can be valid at best only in a statistical sense, it should be useful for calculating the expected drift paths of particles during magnetically active times. Equation (11 ) may, for example, be applied to further analysis of the redistribution of low-energy plasma during geomagnetically active times of the type initiated by Chen and Grebowsky [1974, and references therein] . In addition, the behavior of particles of nonzero energy, which are also affected by convection electric fields, can be studied by using the estimated fields. The variation in the field amplitude as Kp changes may also provide an estimate of the power in low-frequency electric field variations which may be of use in studies of radial diffusion [Fiiltharnrnar, 1968] . However, as Kp is itself averaged over both time and space, it can at best characterize only large scale activity and time-averaged behavior, Accordingly, the electric fields associated with Kp in the results of this paper should be applied to the analysis of timeaveraged large scale behavior only. 
